Background
Macrolides are a class of broad-spectrum antibiotics of large molecular size. The class includes erythromycin, clarithromycin, and azithromycin, among others [1] . Macrolides are used to treat both local and systemic infections, including infections of the skin, respiratory tract, gastrointestinal tract, and genital tract [2] . They also show antiinflammatory and immunomodulatory properties [3] .
Macrolides are divided into categories on the basis of chemical structure. Erythromycin and clarithromycin are 14-membered lactone rings. Clarithromycin (6-O-methylerythromycin) differs from erythromycin by a methoxy group instead of a hydroxyl group at position 6 on the carbon ring [2] . Azithromycin (9-deoxo-9a-aza-9a-methyl9a-homoerythromycin) is a part of the azalide subclass and contains a 15-membered ring, with a methyl-substituted nitrogen instead of a carbonyl group at the 9a position on the aglycone ring, which prevents metabolism by the mechanism undergone by other macrolides [2, 4] . Erythromycin was the first macrolide discovered and has been in use since the 1950s, whereas clarithromycin and azithromycin were approved more recently by the Food and Drug Administration in 1991 and 1992, respectively [2, 5] . Because of its structural differences, azithromycin does not interact with CYP3A4, SLCO1B1, or SLCO1B3, and therefore, has a longer half-life and fewer drug interactions than other macrolides [6, 7] .
As erythromycin, clarithromycin, and azithromycin are the most commonly described macrolide antibiotics, this review will focus on the pharmacokinetics, pharmacodynamics, and pharmacogenomics of these three drugs (Fig. 1) . Zuckerman et al. [2] and Periti et al. [1] provide an overview of the pharmacokinetics and pharmacodynamics of other macrolides, such as telithromycin, tigecycline, and roxithromycin.
Pharmacokinetics
The pharmacokinetic properties of macrolide antibiotics differ on the basis of their chemical structure. In low-pH environments, such as in the stomach, erythromycin is degraded (Fig. 1) . The 8,9-anhydro-6,9-hemiketal intermediate is inactive as an antibiotic, but may cause the gastrointestinal adverse effects that have been associated with erythromycin [5] . This intermediate is then further metabolized into the inactive anhydroerythromycin, erythromycin-6,9;9,12-spiroketal [4, 8] . Clarithromycin is more acid-stable than erythromycin and is not degraded as extensively in the stomach [5] . Azithromycin is even more stable at low pH, resulting in a longer serum halflife and increased concentrations in tissues compared with erythromycin [2] . As a result of their better stability at low pH, azithromycin has an oral bioavailability of 37% and clarithromycin has an oral bioavailability of 55% compared with an oral bioavailability of 25% for erythromycin [9, 10] . Peak serum concentrations of azithromycin and clarithromycin are lower than for erythromycin of the same dose [8] .
Macrolide absorption in the intestine is believed to be limited by P-glycoprotein (ABCB1) efflux transporters, which are encoded by the ABCB1 gene ( Fig. 1) [9, 11] . ABCB1 is also believed to mediate the excretion of macrolides into the bile. Because ABCB1 is involved in the transport of many other drugs, erythromycin and clarithromycin participate in drug-drug interactions [6] . One example is that erythromycin and clarithromycin have been found to increase the uptake and concentrations of pravastatin and simvastatin by inhibiting their efflux through ABCB1 [6] . As discussed later, macrolide inhibition of CYP3A4 may also decrease statin metabolism and increase concentrations.
Macrolides are lipophilic and are widely distributed in blood and tissues [5, 10] . Once in the bloodstream, macrolides preferentially bind α-1-acid glycoprotein (AGP) (encoded by the gene ORM1), the binding protein found in the highest concentration after albumin [10] . Erythromycin is 70-80% bound to AGP in the plasma [10] . However, azithromycin is 93% unbound in the plasma, but only 16% unbound in liver tissue [12] .
Macrolides concentrate in phagocytes, which then transport the drug to the site of infection [7] . Concentrations in phagocytes of clarithromycin and azithromycin are 400 times and 800 times higher than those found in the serum, respectively [5] . Macrolide concentrations in tissues are 50 times higher than those found in the plasma, and macrolides partition especially into the spleen, liver, lungs, and kidneys [13] . Macrolides are found in the peritoneal fluids and breast milk, but do not partition considerably into the cerebrospinal fluid, where they are found at only 2-13% that of plasma concentrations [13] .
Erythromycin and clarithromycin are substrates of SLCO1B1 and SLCO1B3 for uptake into the hepatocytes [6] . Erythromycin undergoes extensive metabolism by CYP3A4 in the liver, with 80% inactivated through demethylation before ∼ 60% is excreted in the bile and ∼ 40% in the urine [5] . The major metabolite is N-desmethylerythromycin. Clarithromycin is also believed to be metabolized by CYP3A4 in the liver into the inactive metabolite N-desmethylclarithromycin and the active metabolite 14-(R)-hydroxyclarithromycin [5] . Clarithromycin and erythromycin are believed to inhibit CYP3A4 by forming inactive complexes with CYP3A4 Erythromycin is degraded in low-pH environments, such as in the stomach, whereas clarithromycin and azithromycin are more acid stable, leading to increased bioavailability. Erythromycin and clarithromycin interact more extensively with drug transporters and metabolizing enzymes than azithromycin because of different chemical properties. An interactive version of this pathway is available at PharmGKB (https://www.pharmgkb.org/pathway/ PA166160731). [14, 15] . Because of its inhibition of CYP3A4 and ABCB1, erythromycin has been shown to result in a sixfold increase in the AUC of simvastatin, which is metabolized by CYP3A4. In addition, rhabdomyolosis is associated with the concomitant use of erythromycin and lovastatin, presumably because of increased concentrations of lovastatin owing to reduced metabolism and reduced efflux [14] .
PharmGKB summary
In contrast to erythromycin and clarithromycin, azithromycin does not seem to interact with SLCO1B1 or SLCO1B3 [6] . Azithromycin has been shown to be a weak substrate for CYP3A4, to be minimally metabolized by the enzyme, and to neither induce nor inhibit CYP3A4 activity [16] . Only about 6% of azithromycin is recovered in the urine, with most being excreted unchanged in the bile, through both MRP2 (encoded by the gene ABCC2) and ABCB1 [5, 12] . MRP2 is believed to play a smaller role in the excretion of azithromycin into the bile than does ABCB1 [12] .
Pharmacodynamics
Macrolides stop bacterial growth by inhibiting protein synthesis [17] . Through reversibly binding to the 50S subunit of the 70S bacterial ribosomes, macrolides block further translation of proteins [17] . As a result, macrolides are effective against actively dividing organisms. Depending on the organism and the drug concentration, macrolides may be bacteriostatic, stopping bacterial growth, or bactericidal, killing the bacteria [18] . Efficacy of the drug is optimized according to the percentage of time of a dosing interval that is spent with concentrations above the minimum inhibitory concentration [13] . This mechanism of action creates a low barrier for bacteria developing resistance to the drugs if the ribosomal structure or the affinity of the macrolide changes, or if efflux of the drug increases through modification of the bacterial macrolide efflux (mef) genes [2, 7] . A summary of the mechanisms through which macrolides can cause resistance can be found in Zuckerman et al. [2] . In 2001, rates of resistance to erythromycin were 16.3% in Canada and 31.5% in the USA [5] .
Although rare, macrolide treatment can cause liver injury, resulting in the inability to secrete bile and in inflammation [14] . The risk factors for whether this reaction will occur are not known, but the mechanism may be through an immunological reaction such as concomitant infection of the liver, through the production of hepatotoxic metabolites, or through the induction of cell signaling pathways leading to hepatocyte death [19] . Hepatotoxicity is encountered much more rarely in patients taking azithromycin than in patients taking erythromycin [14] . Clarithromycin has better activity against Gram-positive bacteria compared with azithromycin and azithromycin has better activity against Gram-negative bacteria compared with clarithromycin. Because of the low permeability of the cell walls of Gramnegative bacteria, the greater stability and tissue concentrations of azithromycin are considered to improve its ability to penetrate Gram-negative bacteria and to stop bacterial gene translation and growth [2] . Both these newer macrolides are better against both Gram-negative and Gram-positive bacteria than erythromycin, and cause fewer side effects [2] .
Pharmacogenomics
Variability in genes encoding drug transporters and metabolizing enzymes may lead to different interindividual drug responses and systemic concentrations. Genetic variants in ABCB1 (P-gp) and ABCC2 (MRP2) have been reported to affect the transport and clearance of erythromycin [20, 21] . Patients with both the 2677GG (rs2032582) and 3435CC (rs1045642) diplotypes in ABCB1 reportedly have higher maximum concentrations of azithromycin compared with patients with the 2677TT/ 3435TT diplotypes [16] . Patients with the TT diplotype at rs717620 in ABCC2 may experience increased clearance of erythromycin compared with patients with the CC and CT diplotypes [20] .
Potentially as a result of genetic variation in the ORM1 gene encoding AGP, different AGP concentrations may affect the unbound circulating drug concentrations, with lower AGP concentrations associated with increased unbound drug concentrations, and thereby altered drug distribution and clearance [10] . Perhaps, although not necessarily, because of differing allele frequencies of the ORM1 gene, individuals of Asian, Iranian, and African descent have been shown to have 10-20% less AGP than Caucasians [10] . Genetic variation in ORM1 has been shown to affect the blood concentration and clearance of antiretroviral therapies, although no effect has been observed specifically with macrolide treatment [22] . SLCO1B1 transports erythromycin into the liver and the SLCO1B1*5 (rs4149056) variant reportedly results in a 50% reduction in erythromycin transport, explaining about 10% of the variability in erythromycin demethylation as assessed with the erythromycin breath test [21] . In addition, variation in the SLCO1B3 gene has been associated with altered accumulation of erythromycin in the liver, with a variant at the 334 locus (rs4149117) increasing transporter activity and increasing erythromycin uptake [20] .
Variation in CYP3A4 may affect the metabolism of macrolides. Although not necessarily the result of genetic variation, individuals of Asian descent reportedly show less CYP3A4 activity than Caucasians, and Koreans reportedly have a 65% higher AUC for erythromycin compared with Caucasians on the same dose [10] . Although pharmacogenomic information is also not specifically reported, Caucasians were found to have a lower AUC and shorter half-life for azithromycin compared with Mexican, Thai, Chinese, Japanese, and Jordanian patients [10] .
Limited data on pharmacogenetic relationships of macrolide antibiotics can be found in the published literature. However, the potential impacts of genetic variability on the pharmacokinetics and pharmacodynamics of macrolides are important to consider as sources of interindividual differences in macrolide response. Variants in genes involved in macrolide pathways have been associated with altered doses and responses related to other drugs. For example, variation in the SLCO1B1 gene has been associated with altered concentrations and clearance of statins resulting in clinically meaningful implications for risk of myopathy [23] . Variation increasing the activity of the ABCB1 gene has been associated with multidrug resistance to chemotherapy to treat metastatic cancer [24] . Thus, variants in these genes likely also have effects on macrolide absorption, distribution, concentrations, and metabolism.
Conclusion
The pharmacokinetic and pharmacodynamic pathways of macrolides suggest that genetic variation affects both their drug transport and metabolism. Because of differences in the structure of each macrolide, the impacts of genetic variation will vary. Erythromycin, the first of the macrolides to be approved by the Food and Drug Administration, interacts with more proteins than azithromycin, whose structure results in different transport and metabolism of the drug. As a result, azithromycin shows a lower number of interactions with proteins, is likely less to be affected by genetic variation, and has increased activity against Gram-negative bacteria as a result of higher tissue concentrations. Clarithromycin, also a newer macrolide with better performance than erythromycin, may have improved activity against some strains of bacteria compared with azithromycin, although it is more subject to drug-drug interactions and genetic variation in genes encoding transporters and metabolizing enzymes.
